Rationale Basal and diet-induced differences in mesolimbic function, particularly within the nucleus accumbens (NAc), may contribute to human obesity; these differences may be more pronounced in susceptible populations. Objectives We examined differences in cocaine-induced behavioral plasticity in rats that are susceptible vs. resistant to diet-induced obesity and basal differences in striatal neuron function in adult and in adolescent obesity-prone and obesityresistant rats. Methods Susceptible and resistant outbred rats were identified based on "junk-food" diet-induced obesity. Then, the induction and expression of cocaine-induced locomotor sensitization, which is mediated by enhanced striatal function and is associated with increased motivation for rewards and rewardpaired cues, were evaluated. Basal differences in mesolimbic function were examined in selectively bred obesity-prone and obesity-resistant rats (P70-80 and P30-40) using both cocaine-induced locomotion and whole-cell patch clamping approaches in NAc core medium spiny neurons (MSNs). Results In rats that became obese after eating junk-food, the expression of locomotor sensitization was enhanced compared to non-obese rats, with similarly strong responses to 7.5 and 15 mg/kg cocaine. Without diet manipulation, obesity-prone rats were hyper-responsive to the acute locomotor-activating effects of cocaine, and the intrinsic excitability of NAc core MSNs was enhanced by ∼60 % at positive and negative potentials. These differences were present in adult, but not adolescent rats. Post-synaptic glutamatergic transmission was similar between groups. Conclusions Mesolimbic systems, particularly NAc MSNs, are hyper-responsive in obesity-prone individuals, and interactions between predisposition and experience influence neurobehavioral plasticity in ways that may promote weight gain and hamper weight loss in susceptible rats.
Introduction
Differences in the function of mesolimbic circuits, particularly within the striatum, are thought to contribute to obesity in people (Dagher 2009; Stice et al. 2012; Tomasi and Volkow 2013) . For example, fMRI studies in humans find that striatal activation in response to stimuli associated with food (food cues) is enhanced in obese individuals both before and after the development of obesity (Burger and Stice 2014; Dagher 2009; Demos et al. 2012; Stice and Dagher 2010; Stoeckel et al. 2008; Tetley et al. 2009; Vainik et al. 2013) . These data suggest that striatal function may differ in susceptible people prior to obesity and that consumption of sugary, fatty foods may produce substantial changes in striatal function in susceptible populations. Consistent with the idea of preexisting differences, we recently found that prior to any diet manipulation, rats subsequently identified as susceptible to obesity show stronger attraction toward food cues (Robinson et al. 2015) . This behavioral response is mediated in part by dopamine-and glutamate-mediated transmission in medium spiny neurons (MSNs) of the nucleus accumbens (NAc) core (Balleine 2005; Cardinal et al. 2002; Crombag et al. 2008a, b; Kelley 2004; Setlow et al. 2002) . Glutamatergic transmission provides the main excitatory drive to MSNs, whereas dopamine-mediated transmission can powerfully modulate excitability of MSNs; thus, the convergence of these inputs in the NAc can ultimately drive cue-triggered motivational responses (Everitt and Wolf 2002; Kelley 2004; Perez et al. 2006) . Although, basal differences in striatal dopamine levels and mesolimbic dopamine receptor expression and function have been found (Geiger et al. 2008 (Geiger et al. , 2009 Rada et al. 2010; Valenza et al. 2015; Vollbrecht et al. 2015a, b) , no previous studies have examined basal differences in neurotransmission of MSNs in the NAc core of obesity-prone and obesityresistant rats.
Sensitization to the locomotor-activating effects of cocaine is associated with alterations in NAc MSN morphology, function, and enhanced cue-triggered reward-seeking behaviors (Ferrario et al. 2005; Robinson and Kolb 2004; Vezina and Leyton 2009; Wolf and Ferrario 2010) . Furthermore, locomotor sensitization is also associated with enhanced motivational responses to food cues that can contribute to the pursuit of food rewards Berridge 2000, 2001) . Although several studies have examined the effect of eating sugary, fatty foods on the acute locomotor-activating effects of amphetamines (Baladi et al. 2012; McGuire et al. 2011) , none have examined the subsequent expression of sensitization after a drug-free period or potential differences in the induction vs. expression of sensitization in obesity-susceptible populations. This is important because interactions between the development of obesity and/or ingestion of high-fat foods may produce different neurobehavioral alterations in obesity susceptible vs. resistant populations (Jensen and Kirwan 2015; Levin et al. 1997; Murdaugh et al. 2012; Yokum et al. 2011 ).
In the current study, we examined the induction and expression of cocaine-induced locomotor sensitization in rats identified as resistant or susceptible to weight gain when given free access to sugary, fatty "junk-food." In addition, we used selectively bred obesity-prone and obesity-resistant rats to examine basal differences in sensitivity to cocaine-induced locomotion, post-synaptic glutamate receptor function, and excitability of MSNs using whole-cell patch clamp approaches in the NAc core. We found that while the induction of locomotor sensitization was similar, the expression of sensitization after a cocaine-free period was enhanced in rats that gained weight when given junk-food compared to those that did not. This suggests that consumption of the junk-food and/or alterations accompanying obesity produce more robust changes in mesolimbic function in susceptible individuals. When basal differences were examined in selectively bred rats, we found that obesity-prone rats were more sensitive to the acute locomotor-activating effects of cocaine (i.e., there was a left shift in the dose response function). Furthermore, although basal post-synaptic glutamatergic transmission was similar between groups, intrinsic excitability of MSNs in the NAc core was enhanced in obesity-prone compared to obesityresistant rats. These neurobehavioral differences were not present during early adolescence, suggesting that differences in NAc function and sensitivity to cocaine in adults are not due to differences occurring earlier in development but rather may be related to spontaneous weight gain and accompanying physiological changes. These data are discussed in light of enhanced motivational properties of food and food cues in obesity-prone individuals (Berthoud 2012; Demos et al. 2012; Stice et al. 2011 Stice et al. , 2012 and potential interactions between predisposition and alterations in striatal systems induced by consumption of sugary, fatty foods.
Materials and methods

Subjects
Rats were maintained on a reverse light-dark schedule (12/ 12), and all tests were conducted during the dark phase starting ∼3-4 h after dark onset. Adult male SpragueDawley rats were purchased from Harlan. Breeding pairs of obesity-prone and obesity-resistant rats were purchased from Taconic and maintained in-house by the University of Michigan breeding core. These lines were originally established by Barry Levin (Levin et al. 1997) . Rats had free access to food and water throughout. All procedures were approved by The University of Michigan Committee on the Use and Care of Animals.
Drugs and reagents
Cocaine HCL was provided by the NIDA drug supply program. All other drugs and reagents were obtained from Sigma (St. Louis, MO, USA) or Tocris (Minneapolis, MN, USA).
Experiment 1: diet-induced obesity and cocaine sensitization in outbred rats
The development and expression of cocaine-induced locomotor sensitization were evaluated in outbred male Sprague-Dawley rats given free access to a junk-food diet. The junk-food diet is a mash composed of Ruffles original potato chips (40 g), Chips Ahoy original chocolate chip cookies (130 g), Jiff smooth peanut butter (130 g), Nesquik powdered chocolate flavoring (130 g), powdered Lab Diet 5001 (200 g; percentage of calories: 19.6 % fat, 14 % protein, 58 % carbohydrates; 4.5 kcal/g), and water (180 ml). Ingredients were combined in a food processor. Diet composition was based on previous studies establishing individual differences in susceptibility to weight gain (Levin et al. 1997; Robinson et al. 2015; Vollbrecht et al. 2015b ). K-means clustering based on weight gain after 1 month of free access to junk-food was used to identify individuals that are susceptible (junk-food gainer) vs. resistant to diet-induced obesity (junk-food non-gainer). This statistical method provides an unbiased separation that can be applied uniformly across studies (MacQueen 1967) .
After 2 months of free access to the junk-food, the induction and expression of cocaine-induced locomotor sensitization were determined as previously described (Ferrario et al. 2005 . Locomotor testing was conducted in standard rat cages (22.86 cm × 44.45 cm × 28 cm). Each chamber has five photobeams: one positioned in the center of the chamber and two on either end positioned 5 cm and 10 cm from the shorter chamber wall. Rearing behavior was not measured. Rats were handled daily for 1 week and then habituated to locomotor chambers (40 min) and the injection procedure (saline 1 ml/kg, i.p. 60 min). Next, all rats were given cocaine (15 mg/kg, weight of salt, i.p.) once per day for eight consecutive days. On each of these pretreatment days, rats were placed in the locomotor chamber for 40 min followed by cocaine injection. This cocaine regimen was chosen because it induces robust locomotor sensitization and striatal plasticity (e.g., Ferrario et al. 2010) . Fourteen days after the last cocaine pretreatment, rats were brought back to the locomotor chambers for a 40-min habituation followed by injection of saline (1 ml/kg, i.p.) and cocaine challenge (7.5 and 15 mg/kg, i.p.). Rats had free access to junk-food throughout all cocaine pretreatment, 14-day cocaine deprivation, and cocaine challenge. Food intake and weight gain were monitored throughout. Total photo-cell beam breaks per 5 min interval were the primary measure of locomotion. In addition, rats were observed for possible stereotypy during testing.
Experiment 2: acute cocaine-induced locomotion in selectively bred obesity-prone and obesity-resistant rats
The acute locomotor-activating effects of cocaine were evaluated in male adult (P70-80) and adolescent (P30-40) selectively bred obesity-prone and obesity-resistant rats, without any diet manipulation. Rats were habituated to the locomotor chambers and injection procedure as described above. The next day, rats were brought back to the locomotor chambers (40 min) and received an injection of saline (40 min) followed by three doses of cocaine: 7.5, 15, and 30 mg/kg, i.p.; as in (Ferrario et al. 2005) . All rats received three doses of cocaine in ascending order: 7.5 and 15 mg/kg doses were given 1 h apart and the last injection (30 mg/kg) was given 1.5 h after the 15 mg/kg dose. As above, the total photo-cell beam breaks per 5 min interval was the primary measure of locomotion and rats were observed during testing.
Experiment 3: electrophysiological recordings of medium spiny neurons in the NAc core Whole-cell patch clamp recordings of MSNs were made from selectively bred adult (P70-P80) and adolescent (P30-P40) obesity-prone and obesity-resistant rats without diet manipulation or drug exposure using standard procedures (e.g., Ferrario et al. 2011 Ferrario et al. , 2012 . The classification of adult and adolescent age ranges was made based on previous studies (Kasanetz and Manzoni 2009; Spear 2000) . Recordings were conducted in the presence of the GABA receptor antagonist picrotoxin (50 μM). Rats were anesthetized with chloral hydrate (400 mg/kg, i.p.), the brains were rapidly removed and placed in icecold oxygenated (95 % O 2 -5 % CO 2 ) aCSF containing (in mM) 125 NaCl, 25 NaHCO 3 , 12.5 glucose, 1.25 NaH 2 PO 4 , 3.5 KCl, 1 L-ascorbic acid, 0.5 CaCl 2 , 3 MgCl 2 , and 305 mOsm; pH 7.4. Coronal slices (300 μm) containing the NAc were made using a Leica VT1200 vibratory microtome (Leica Biosystems, Buffalo Grove, IL, USA) and allowed to rest in oxygenated aCSF for at least 40 min before recording. For the recording aCSF (2 ml/min), CaCl 2 was increased to 2.5 mM and MgCl 2 was decreased to 1 mM. Patch pipettes were pulled from 1.5-mm borosilicate glass capillaries (WPI, Sarasota, FL) to a resistance of 3-7 MΩ with a horizontal puller (model P97, Sutter Instruments, Novato, CA, USA) and filled with a solution containing (in mM) 130 K gluconate, 10 KCl, 1 EGTA, 2 Mg 2+ -ATP, 0.6 Na + -GTP, and 10 HEPES, pH 7.3, 285 mOsm when performing current clamp experiments. When measuring glutamatergic transmission, pipettes were filled with a solution containing (in mM) 140 CsCl, 10 HEPES, 2 MgCl 2 , 5 Na + -ATP, 0.6 Na + -ATP, 2 QX314, pH 7.3, 285 mOsm. For current clamp studies, MSNs in the NAc core were identified based on resting membrane potential and action potential firing in response to current injection (−200 to 175-275 pA, 25 pA increments, 500 ms; (Nisenbaum and Wilson 1995; Wilson and Kawaguchi 1996) ). The I/V relationship was determined by calculating the difference between the baseline voltage and the voltage at 200 ms after initial current injection. Neuronal excitability was determined by measuring the number of action potentials elicited by each depolarizing current injection. Input resistance was determined by the change in voltage from −50 to +50 pA current injections. Rheobase is defined as the minimum amount of current injection to elicit an action potential. The action potential threshold was determined using the maximum second derivative method (Sekerli et al. 2004 ). The peak amplitude was defined as the difference between the action potential peak and threshold. The first interspike interval was measured between the peak amplitude of the first two action potentials in a train. The amplitude of the afterhyperpolarization (AHP) was measured from the action potential threshold to the lowest potential of the AHP. Evoked excitatory post-synaptic currents (eEPSCs) were elicited by local stimulation (0.05 to 0.30 mA square pulses, 0.3 ms, delivered every 20 s) using a bipolar electrode placed ∼300 μm lateral to recorded neurons. The minimum amount of current needed to elicit a synaptic response with <15 % variability in amplitude was used. If >0.30 mA was required, the neuron was discarded. NMDAR-mediated eEPSCs were recorded at +40 mV whereas AMPARmediated eEPSCs were recorded at −70 mV (Scheyer et al. 2014) . NMDAR-mediated eEPSCs were determined by the difference in current before and after application of 50 μM APV at a holding potential of + 40 mV.
Results
Experiment 1: the expression of sensitization is enhanced in junk-food gainers vs. junk-food non-gainers after 14 days of cocaine deprivation As expected, when given free access to junk-food, only some rats ate significantly more food ( Fig. 1a ; two-way RM ANOVA; main effect of group F (1,13) = 4.96, p < 0.05) and gained substantially more weight ( Fig. 1b ; two-way RM ANOVA; main effect of group F (1,13) =19.95, p<0.001; junk-food gainers; JF-G, n=7) than others given the same free access to junk-food (junk-food non-gainers; JF-N, n=8). In addition, weight gain in junk-food non-gainers was comparable to that usually seen in rats given standard lab chow (∼10-15 g/ week; unpublished observations). Although not statistically significant, it is worthwhile to note that JF-G tend to eat slightly more food, even when they are given standard lab chow (Fig. 1a , first two data points). This has been noted previously, but is not pronounced enough to use as an indication of susceptibility on its own (unpublished observations CRF and personal communication Barry Levin) . Weight gain of individual rats in each group after 9 weeks of junk-food consumption and prior to beginning cocaine sensitization are shown in Fig. 1c . Figure 2 shows locomotor activity across repeated cocaine injections (15 mg/kg, i.p.). Junk-food gainer and junk-food non-gainer groups showed a similar rate and magnitude of locomotor sensitization across repeated injections (Fig. 2a ) and a significantly greater (i.e., sensitized) locomotor response to the last vs. first injection of cocaine ( Fig. 2b ; total beam breaks/40 min; twoway RM ANOVA; main effect of injection F (1,12) = 14.75, p<0.01; group × time interaction and main effect of group n.s.). However, when reexposed to cocaine after a 14-day cocaine deprivation period (i.e., cocaine "challenge"), junk-food gainers showed a stronger response to cocaine (7.5 mg/kg) compared to junk-food non-gainers, indicative of enhanced expression of sensitization in junk-food gainers ( Fig. 2c ; two-way RM ANOVA; main effect of group F (1,12) =12.57, p <0.01; group × time interaction F (11, 132) = 3.47, p < 0.001; Fig. 2d : two-way RM ANOVA; group × session F (1, 12) = 4.7, p = 0.05; 7.5 mg/kg JF-G vs. JF-N t 12 = 4.2, p < 0.01). Furthermore, in junk-food gainers, the response to the 7.5 mg/kg cocaine challenge was as strong as the initial response to 15 mg/kg cocaine (Fig. 2d) . In contrast, the response to cocaine challenge remained low compared to the first cocaine exposure in junk-food non-gainers (Fig. 2d) . Thus, although the initial induction of locomotor sensitization was similar between groups using this cocaine pre-treatment regimen, Fig. 1 Food intake and weight gain in outbred rats. a Average weekly food intake (±SEM) in junk-food gainers (JF-G) vs. junk-food nongainers (JF-N). b Average (±SEM) weekly weight gain in junk-food gainers vs. junk-food non-gainers. c Weight gain of individual rats (±SEM) after 9 weeks of junk-food. When given access to junk-food, some outbred rats (JF-G, n=7) eat significantly more food (a) and gain more weight (b) than others given the same free access to junk-food (JF-N, n=8). *p<0.05 its expression was enhanced in junk-food gainers after a period of cocaine deprivation. Importantly, locomotor activity during habituation (not shown) or in response to saline did not differ between groups (Fig. 2c ).
Experiment 2: greater sensitivity to cocaine-induced locomotion in selectively bred obesity-prone vs. obesity-resistant rats Although no differences were found in response to the first injection of cocaine in outbred junk-food gainers vs. junk-food non-gainers, it is possible that consumption of the junk-food diet (2 months) and accompanying weight gain may have masked potential preexisting differences and/or that examination of the full doseresponse curve would have revealed group differences. To examine these possibilities, the acute locomotoractivating effects of cocaine were examined in selectively bred obesity-prone and obesity-resistant rats across multiple doses and without diet manipulation. The time course of cocaine-induced locomotion in adult rats is shown in Fig. 3a (n= 8/group). The locomotor response to cocaine was generally greater in obesityprone vs. obesity-resistant rats across all doses, with the largest differences found at 15 mg/kg (Fig. 3a two-way RM ANOVA, 15 mg/kg: main effect of group F (1,14) =5.57, p<0.04; 30 mg/kg; main effect of group F (1,14) =3.34, p=0.08). In addition, enhanced sensitivity to cocaine-induced locomotion was also evident when total locomotor activity 40 min after injection was examined ( Fig. 3b ; two-way RM ANOVA; main effect of group F (1,14) = 5.29, p < 0.04; group × dose interaction n.s.). In contrast, the locomotor response to cocaine was similar between groups during adolescence ( Fig. 3c ; n=10/group). In addition, adult obesity-prone rats were heavier than obesity-resistant rats at the time Fig. 2 The induction of locomotor sensitization was similar, but the expression of sensitization after cocaine deprivation was enhanced in junk-food gainers. a Average locomotor response (±SEM) per 5 min after each cocaine injection. b Total locomotion (±SEM) during 40 min after the first and last cocaine injection. c Average locomotor response (±SEM) per 5 min to 7.5 mg/kg cocaine after 14 days of cocaine deprivation (i.e., cocaine "challenge"). d Total locomotion (±SEM) during 40 min after cocaine challenge (7.5 mg/kg) and in response to the first cocaine injection (15 mg/kg). While still on the junk-food diet (junk-food gainers (JF-G, n=7) and junk-food non-gainers (JF-N, n=7; one non-gainer was removed from the study because it developed a urinary tract infection and the treatment required could compromise cocaine metabolism)), the induction of locomotor sensitization was similar between groups (a, b). However, junk-food gainers show more robust sensitization than junk-food non-gainers after 14 days of cocaine deprivation and cocaine challenge (c). In addition, the locomotor response to 7.5 mg/kg cocaine during the challenge was as large as the response to the first injection of 15 mg/kg cocaine in junk-food gainers only. Together, these data show that repeated cocaine exposure produces more robust locomotor sensitization in rats that are susceptible to dietinduced obesity compared to those that are obesity resistant. *p<0.05 of testing (avg. weight ± SEM: adult obesity-prone (OP)=351.9±7.2 g, adult obesity-resistant (OR)=300.5 ±6.0 g, t (14) =5.4, p<0.0001), but weight of adolescent rats did not differ significantly (avg. weight±SEM: adolescent OP=151.0±7.9 g; adolescent OR=130.7±9.1 g, t (18) = 1.6, p = 0.11). However, this is well inside the range of normal variance for adult outbred SpragueDawley rats: P70-76 = 274-380 g; (McCutcheon and Marinelli 2009 ). Thus, although heavier, obesity-prone rats at this age are not "obese" (see also Vollbrecht et al. (2015b) for adiposity and metabolic characterization). Importantly, no group differences were seen during habituation (data not shown) or in response to saline injection (Fig. 3a) , indicating that our ability to measure locomotor activity accurately in obesity-prone and obesity-resistant rats is not affected by rat size; this is also supported by our data in outbred rats where junk-food gainers are much fatter than junk-food non-gainers but show similar initial locomotor responses (Fig. 2a) .
Experiment 3: greater intrinsic excitability of NAc core medium spiny neurons in selectively bred obesity-prone vs. obesity-resistant rats Cocaine-induced locomotion is mediated by dopamineand glutamate-mediated transmission in the NAc (Karasinska et al. 2005; Pulvirenti et al. 1989) , and locomotor sensitization to cocaine is associated with increased glutamate receptor expression and function in MSNs of the NAc core (Boudreau and Wolf 2005; Ferrario et al. 2010; Kourrich et al. 2007 ). To determine if glutamate receptor function differed between obesityprone and obesity-resistant rats prior to any diet manipulation, we used whole-cell patch clamping approaches to measure evoked AMPAR-and NMDAR-mediated post-synaptic currents (eEPSC; OP: n=5 cells from 5 rats; OR: n=6 cells from 4 rats). The AMPA/NMDA ratio did not differ between groups nor did the amplitude of AMPAR-and NMDAR-mediated eEPSCs (peak AMPAR-mediated current amplitude: OP = 187.5 ± 26.6 pA; OR=179.6±39.7 pA; peak NMDAR-mediated current amplitude: OP = 78.7 ± 36.5 pA; OR = 82.4 ± 44.6 pA; data not shown).
We next examined intrinsic excitability of MSNs in the NAc core of obesity-prone and obesity-resistant rats because there are basal differences in dopamine systems in obesity-prone vs. obesity-resistant rats, dopaminemediated transmission strongly influences MSN excitability, and cocaine sensitization is associated with alterations in intrinsic excitability (Geiger et al. 2008; Hu 2007; Kourrich et al. 2015; Kourrich and Thomas 2009; Marinelli et al. 2006; Rada et al. 2010; Valenza et al. 2015; Vollbrecht et al. 2015a ). Recordings were made from adult and adolescent obesity-prone and obesity- Fig. 3 Adult obesity-prone rats were more sensitive to the locomotor-activating effects of cocaine than obesity-resistant rats. a Average locomotor response (±SEM) to increasing concentrations of cocaine in adult obesity-prone (OP) and obesityresistant (OR; n=8/group) rats. b Total locomotion (±SEM) during 40 min after each dose of cocaine in adult rats (P70-P80). c Total locomotion (±SEM) during 40 min after each dose of cocaine in adolescent rats (P30-P40; n= 10/group). Adult obesity-prone rats showed a stronger locomotor response to cocaine than obesityresistant rats (i.e., OPs are sensitized compared to ORs) (a, b), consistent with enhance responsivity of mesolimbic circuits. In contrast, cocaineinduced locomotion was similar between groups tested during adolescence. *p<0.05 resistant rats without diet manipulation or cocaine exposure ( Fig. 4a ; OP n=10-11 cells from 7 rats; OR n=10-11 cells from 8 rats). Plotting the current/voltage (I/V) relationship showed a significantly greater change in membrane potential (Vm) in response to current injection in MSNs from adult obesity-prone vs. obesityresistant rats ( Fig. 4b ; two-way RM ANOVA, group × current injection interaction: F (12,130) =10.46, p<0.0001). This effect was seen at both positive and negative current injections. In contrast, there was no difference in the I/V relationship in MSNs from adolescent obesityprone and obesity-resistant rats (Fig. 4c) . This suggests that differences emerge after initial neuronal maturation. Additional analysis of data from adults showed that the number of action potentials elicited by increasing current injection was significantly greater in obesity-prone rats ( Fig. 4d ; two-way RM ANOVA, group × current injection interaction: F (7,133) =17.06; p<0.0001; Sidak's post test, p <0.0001). Consistent with the shift in the I/V relationship and increased action potential firing, the input resistance was greater in cells from obesityprone vs. obesity-resistant rats ( Fig. 4e ; t 20 = 2.8, p<0.05; OP: 193.1±22.4 MΩ vs. OR: 119.1± 14.1 M Ω) and the rheobase (i.e., the minimum amount of Fig. 4 Intrinsic excitability of MSNs in the NAc core is enhanced in obesity-prone vs. obesity-resistant adult, but not adolescent, rats. All data shown are average±SEM. a Example traces from current-clamp recordings of MSNs from obesity-prone (OP; n=11 cells from 7 rats) and obesity-resistant rats (OR; n=11 cells from 8 rats). b The change in membrane potential at each current injection in MSNs from adult rats (−200 to 100 pA). Rectification is reduced in MSNs from adult obesityprone rats, consistent with increased excitability. c The change in membrane potential at each current injection in MSNs from adolescent rats (−200 to 100 pA). Rectification was similar in MSNs from adolescent obesity-prone and obesity-resistant rats, suggesting that differences in adulthood emerged after initial development. d The number of action potentials elicited by each current injection (0 to 175 pA). The same current injection elicited more action potentials in MSNs from obesityprone vs. obesity-resistant rats, consistent with enhanced excitability. e The input resistant was determined by the change in voltage from −50 to +50 pA. Input resistance is greater in MSNs from obesity-prone vs. obesity-resistant rats. f The minimum amount of current injection needed to elicit an action potential (rheobase). The rheobase was lower in MSNs from obesity-prone rats. g Table of basic membrane properties from adult MSNs. Measurements were taken from the first action potential elicited by the minimum current injection. Action potential threshold was determined by the maximum second derivative method. Action potential amplitude is the difference between the action potential threshold and peak. The first interspike interval (ISI) is the difference in time between the first two action potentials. The amplitude of the AHP is the difference between the firing threshold and the lowest point of the hyperpolarizing potential of the AHP; *p<0.05; **p<0.01 current injected to elicit an action potential) was lower in the MSNs from obesity-prone rats compared to obesity-resistant ( Fig. 4f ; t 20 = 3.3; p < 0.01; rheobase OP=100.0±7.5 pA; OR=161.4±17.3 pA). Finally, there were no differences in basal cell parameters including resting membrane potential, action potential threshold, action potential rise time (10-90 %), action potential amplitude, the duration of first interspike interval between groups or the AHP (Fig. 4g) . Because of the large variation in the rheobase between MSNs from obesity-prone and obesity-resistant rats, it was not possible to compare the latency to first spike between groups at the same current injection intensity. However, taken together, the shift in the I/V relationship, lower rheobase, and greater firing frequency are consistent with greater excitability of MSNs in adult obesity-prone vs. obesity-resistant rats.
Discussion Individual differences in mesolimbic function
Both preexisting and diet/obesity-induced differences in the function of mesolimbic circuits, particularly within the NAc, are thought to contribute to obesity in people (Dagher 2009; Stice et al. 2012; Tomasi and Volkow 2013) . Consistent with the idea of preexisting differences, we recently found that prior to any diet manipulation, outbred rats subsequently identified as susceptible to obesity were hyper-responsive to the motivational properties of a food cue (Robinson et al. 2015) and that obesity-prone rats show robust Pavlovian to instrumental transfer, a classic measure of incentive motivation, whereas obesity-resistant rats do not (CRF unpublished observations) . These behavioral responses are mediated in part by dopamine-and glutamate-mediated transmission in MSNs of the NAc core (Balleine 2005; Cardinal et al. 2002; Crombag et al. 2008a, b; Kelley 2004; Setlow et al. 2002) . In addition, consumption of sugary, fatty foods and obesity are associated with changes in mesolimbic function (Baladi et al. 2012; Hryhorczuk et al. 2015; McGuire et al. 2011; Rada et al. 2010) . Here, we first examined the induction and expression of cocaine-induced locomotor sensitization in outbred rats identified as susceptible or resistant to weight gain when given free access to junk-food. We next used selectively bred rats to examine basal differences in the acute response to cocaine and the function of MSNs in the NAc core, without diet manipulation. We found that the expression of sensitization after a cocaine-free period was enhanced in junk-food gainers vs. junk-food non-gainers. In addition, prior to any diet manipulation, obesity-prone rats were hyper-responsive to the acute locomotor-activating effects of cocaine. Furthermore, intrinsic excitability of MSNs in the NAc core was enhanced in obesity-prone compared to obesity-resistant rats. Together, these data suggest that there are both basal and experienceinduced differences in striatal function in individuals that are susceptible to obesity that manifest in part as enhanced responsivity of mesolimbic reward circuits. We propose that this hyper-sensitivity may contribute to greater cue-triggered motivation in obesity-susceptible individuals.
Junk-food effects on induction and expression of locomotor sensitization to cocaine Although the effect of eating sugary, fatty foods on the acute locomotor-activating effects of amphetamines has been examined (Baladi et al. 2012; McGuire et al. 2011) , potential differences in the induction and expression of sensitization in obesity-susceptible populations has not. It is well established that only a subset of rats will become obese when given free access to a moderately fatty diet (Levin et al. 1997; Robinson et al. 2015) . Thus, we began by using a junk-food diet to identify obesity-susceptible and obesity-resistant outbred rats and then evaluated cocaine-induced sensitization. As expected, junk-food produced substantial weight gain in a subset of susceptible individuals, junk-food gainers, that was attributable at least in part to greater food intake (Fig. 2) . While rats still had access to junk-food, cocaine-induced locomotion was examined. The acute response to the first cocaine injection was similar between junk-food gainers and junk-food nongainers (Fig. 2a) . This is consistent with our previous study showing a similar magnitude of amphetamine-induced locomotion in junk-food gainers and junk-food non-gainers (Robinson et al. 2015) . Because the focus here is on differences between obesity-susceptible and obesity-resistant populations, comparisons to chow-fed controls were not included. However, previous studies have found both increased and decreased locomotor responses to amphetamine after highfat diet exposure (e.g., Hryhorczuk et al. 2015; Robinson et al. 2015) . Interestingly, the study by Hryhorczuk et al. (2015) suggests that the source of dietary fat substantially impacts the nature of diet-induced changes in mesolimbic function. Of course, data here do not rule out the possibilities that lower doses of cocaine may be needed to reveal differences between groups or that junk-food exposure may have masked potential basal differences between susceptible and resistant populations (see also below).
When cocaine was given repeatedly, the development of locomotor sensitization was similar in junk-food gainers and junk-food non-gainers (Fig. 2a) . This is consistent with a recent report showing that exposure to either unlimited or restricted high-fat food (35 % fat) did not alter the induction of cocaine-induced locomotor sensitization (Baladi et al. 2015) . However, these data are in contrast to cross-sensitization bet w e e n h i g h -f a t d i e t s a n d a m p h e t a m i n e s w h e r e methamphetamine-induced sensitization is enhanced during high-fat diet exposure (McGuire et al. 2011; Robinson et al. 2015) . Although cocaine and amphetamines both increase extracellular dopamine levels via actions at the dopamine transporter (DAT), they do so through different mechanisms. Specifically, cocaine blocks the DAT, preventing the removal of dopamine that is released through normal membrane depolarization, whereas amphetamine causes reverse transport of dopamine through the DAT, regardless of normal dopamine release. High-fat diets, insulin, and leptin (which are increased by obesity) can all alter DAT function (Baladi et al. 2015; Daws et al. 2011; Figlewicz et al. 1994; Perry et al. 2010) . Thus, enhanced induction of locomotor sensitization in response to amphetamine, but not cocaine, after diet-induced obesity may be due to the effects of diet manipulation on DAT function that enhance amphetamine's ability to reverse dopamine transport via the DAT, but that do not alter cocaine's effects on DAT blockade. This possibility deserves further investigation.
After repeated cocaine treatment, junk food-fed rats were given a 14-day drug-free period and were then reexposed to cocaine (i.e., cocaine challenge). The expression of locomotor sensitization after this cocaine deprivation was more robust in junk-food gainers. Specifically, the locomotor response to 7.5 mg/kg cocaine was increased in junk-food gainers vs. junk-food non-gainers (Fig. 2c) and produced locomotor activity in junk-food gainers that was comparable to that induced by the first injection of 15 mg/kg (Fig. 2d) . To our knowledge, no other studies have examined interactions between diet manipulation and subsequent expression of sensitization after drug deprivation.
It is possible that differences in pharmacokinetics could contribute to differences observed during cocaine challenge. However, we do not think this is likely because junk-food gainers were already substantially heavier than junk-food non-gainers at the time of the very first cocaine exposure (Fig. 2a) . The expression of sensitization is mediated in large part by alterations in striatal function and organization, particularly within the NAc (Vanderschuren and Pierce 2010; Vezina 2004) . Furthermore, the neuroadaptations accompanying locomotor sensitization contribute to enhanced incentivemotivational properties of reward-paired cues (Flagel et al. 2008; Robinson and Berridge 1993; Vanderschuren and Pierce 2010; Vezina and Leyton 2009; Wolf and Ferrario 2010) . Thus, expression of greater sensitization in junk-food gainers found here is consistent with the idea that interactions between predisposition and consumption of fatty, sugary foods may produce alterations in mesolimbic function that enhance the incentive motivational properties of food and food-paired stimuli in susceptible individuals (Jansen et al. 2008; Stice et al. 2012) . This is also consistent with our recent observation that eating junk-food enhances cue-triggered approach (CRF unpublished observations). Interestingly, fMRI studies in people find that NAc activation in response to food cues is enhanced in obese individuals, whereas dorsal striatal activations in response to the consumption of food itself is reduced after obesity develops (Burger and Stice 2014; Cosgrove et al. 2015; Dagher 2009; Demos et al. 2012; Stoeckel et al. 2008; Tetley et al. 2009; Vainik et al. 2013) . Thus, the enhanced expression of cocaine-induced sensitization in susceptible rats found here does not rule out the possibility of opposing effects of fatty, sugary foods on different striatal subregions that underlie the pursuit of food vs. responses to its consumption (e.g., Geiger et al. 2009; Rada et al. 2010 ; see also Castro et al. 2015) .
Cocaine-induced locomotion in obesity-prone and obesity-resistant rats As mentioned above, the initial cocaine response was similar in outbred junk-food gainers vs. junk-food non-gainers. However, consumption of the junk-food diet itself may produce neuroadaptations that affect cocaine-induced locomotion. Therefore, we next used selectively bred obesity-prone and obesity-resistant rats to examine neurobehavioral differences without any diet manipulation. Here, sensitivity to cocaine-induced locomotion was enhanced in obesity-prone vs. obesity-resistant rats in response to the first cocaine exposure across multiple doses (Fig. 3) . This is consistent with our earlier study using a single dose of cocaine (Vollbrecht et al. 2015a ). Thus, obesity-prone rats are sensitized compared to their obesity-resistant counterparts. It is worthwhile to note that the weight of obesity-prone and obesity-resistant rats at the time of testing is well inside the range of normal variance for adult outbred Sprague-Dawley rats: P70-76=274-380 g (McCutcheon and Marinelli 2009). Thus, although obesityprone rats are heavier, they were not "obese" at the time of testing. In addition, we have found that adiposity and fasted insulin levels do not differ substantially between obesityprone and obesity-resistant rats during early adulthood (P70-80), although we have observed trends for increased insulin levels (Vollbrecht et al. 2015b) .
The acute locomotor activating effects of cocaine rely in large part on the activation of MSNs in the NAc. Interestingly, although lower basal dopamine levels have been found in the NAc shell of obesity-prone rats (Geiger et al. 2008; Rada et al. 2010) , the magnitude of amphetamine-induced increases in NAc dopamine was greater in obese rats (Geiger et al. 2009 ). These data suggest that although basal levels may be lower in some striatal regions of obesity-resistant rats, the responsivity of these circuits to stimulants may nonetheless be enhanced. In addition to dopamine, this activation is also influenced by glutamatergic transmission and intrinsic properties of MSNs (Kourrich et al. 2015; Vanderschuren and Pierce 2010; Wolf 2010; Wolf and Ferrario 2010) . Although, no differences in post-synaptic glutamatergic transmission were found between groups.
Enhanced MSN excitability in adult, but not in adolescent, obesity-prone rats Here, we found that excitability of MSNs was enhanced in obesity-prone rats. Excitability is determined predominantly by inwardly rectifying K + currents at negative membrane potentials (<−90 mV) and by A-type K + currents at positive membrane potentials (>−40 mV; Nisenbaum and Wilson 1995; Perez et al. 2006) . In addition, A-type K + currents also influence repetitive action potential firing (Perez et al. 2006) . Here, we found a shift in the I/V relationship at both positive and negative current injections (Fig. 4b) , suggesting that there is a reduction in both inwardly rectifying K + currents and Atype K + currents in MSNs from adult obesity-prone rats. In addition, evoked action potential firing was greater in MSNs from obesity-prone rats (Fig. 4d) , also consistent with a reduction in A-type K + currents. Given these changes in excitability and action potential frequency, a reduced spike latency would be expected. However, due to the large difference in current intensities required to elicit an action potential between obesity-prone and obesity-resistant cells, comparable measures of spike latency could not be calculated. However, the lower rheobase in obesity-prone rats is also indicative of enhanced cellular excitability (Fig. 4f ) and is consistent with smaller A-type K + currents. For example, blocking the Atype K + current reduces the amount of outward rectification in these neurons allowing the cell to more strongly depolarize with lower current injections, thus reducing the rheobase (Nisenbaum and Wilson 1995) . Although voltage-gated Na + or Ca 2+ currents could also contribute to reductions in the rheobase, this seems unlikely given that the threshold for action potential firing and action potential rise time (mediated by Na + currents) and the AHP (influenced by Ca 2+ currents) are similar between groups. We speculate that enhanced excitability may reduce the threshold for and increase transitions into "up-state" membrane potentials (i.e., where neurons remain close to the firing threshold), ultimately increasing neural firing and enhancing network activity (Wilson and Kawaguchi 1996) in obesity-prone rats. However, future studies are needed to directly measure differences in K + channel properties and alterations in the transition between "up-" and "downstates" in this model. The differences in excitability described above were found in MSNs from adult, but not MSNs from adolescent obesity-prone vs. obesity-resistant rats. Specifically, measures of excitability, spike number, rheobase, and input resistance found in adolescent MSNs of both selectively bred lines were similar to those previously reported in MSNs from outbred adolescent Sprague-Dawley rats (Kasanetz and Manzoni 2009) . This suggests that the initial maturation of MSN excitability is normal in these selectively bred rats. In addition, our data from MSNs in adult obesity-resistant rats were similar to those previously reported in adult MSNs from outbred rats. However, somewhat surprisingly, the profile of intrinsic properties of MSNs in obesity-prone rats more closely resembles that of MSNs from juvenile (P14-P21) rats (Kasanetz and Manzoni 2009) , with greater spike number and input resistance, enhanced excitability, and reduced rheobase compared to adults. Thus, while intrinsic excitability of MSNs in obesity-prone rats is normal during adolescence (P30-40), it appears to revert to a more juvenile-like state as they age. However, it is worth noting that the magnitude of inward rectification in MSNs from adult obesity-prone rats is less strong than that previously observed in juvenlies. Thus, different mechanisms are likely involved.
Although by definition, obesity-prone rats are "sensitized" to cocaine compared to obesity-resistant rats (Fig. 3) , the alterations in NAc core MSN function found in obesity-prone rats are not the same as those seen after sensitization induced by repeated cocaine exposure. Specifically, locomotor sensitization induced by repeated systemic cocaine treatment has been associated with reduced excitability in the NAc and increased postsynaptic AMPAR expression and function (see Wolf 2010; Wolf and Ferrario 2010 for reviews, and Kourrich et al. 2015 for discussion of opposing effects in NAc core vs. shell). In contrast, the enhanced sensitivity to cocaine in obesity-prone rats found here was associated with increased excitability in the absence of differences in post-synaptic AMPAR transmission (Fig. 4) . While caution must be used when comparing basal differences in cocaine sensitivity to effects induced by repeated cocaine exposure, our data suggest that the neural mechanisms underlying enhanced sensitivity to acute cocaine-induced locomotion in obesityprone rats may be distinct from those found in outbred rats sensitized by repeated cocaine exposure.
In summary, our data show that while the induction of locomotor sensitization was similar, the subsequent expression of sensitization was enhanced in junk-food gainer vs. junk-food non-gainer groups. In addition, prior to diet manipulation, the function of mesolimbic circuits was enhanced in obesity-prone individuals. This was accompanied by an increase in excitability of MSNs in the core of the NAc. Although direct tests are needed, it is possible that enhanced NAc excitability in susceptible rats may promote subsequent plasticity induced by repeated activation of mesocorticolimbic circuits in response to the consumption of fatty, sugary foods, ultimately resulting in sensitization of striatal systems and enhancing cuetriggered motivation for food (Robinson et al. 2015) . This possibility, as well as the relationship between preexisting differences in NAc function and enhanced motivation triggered by food cues, should be investigated in future.
